Featured Application: The proposed structure is used for the characterization of geometrical parameters for surface micromachined thin films at the wafer level, with ordinary wafer-probe test equipment. It has a potential application for in-line quality control in surface fabrication process.
Introduction
Surface micromachining process is one of the most popular technologies used to manufacture microelectromechanical systems (MEMS) devices. A typical surface micromachining process involves thin films, normally structural and sacrificial layers, alternately deposited on the substrate and patterned. The MEMS parts are made of the structural layer while the sacrificial layer serves as a stable temporary support that can be removed to free the structural layer on top [1] . Polysilicon and phosphosilicate glass (PSG) are often used as the structural and sacrificial material, respectively. The thickness and the sidewall etch angle of polysilicon and PSG thin films are fundamental parameters for quality control in a surface fabrication process line. Besides, the correct thickness is vital for guaranteeing the performance of MEMS devices. On the one hand, mechanical responses of membrane/beam-based MEMS devices, such as mechanical resonance frequency, restoring force, longitudinal strain and deflection, etc., usually depend on the thickness of the structural layer. For example, the mechanical sensitivity of MEMS microphones is influenced by film thickness [2] . Thickness of the membrane has strong effect on the maximum deflection of membrane-based pressure sensor [3] . Thickness and other dimensions determine the resonance frequency of lateral comb drive devices [4] . On the other hand, the thickness of the sacrificial layer limits the longitudinal movement of a freestanding structure. The pull-in voltages of double-clamped beams and cantilever beams, for instance, are both related to the gap between the beam and the ground plane, which is defined the thickness of the sacrificial layer [5] . Moreover, in order to extract mechanical and thermal properties of the thin film, including Young's modulus, residual stress, thermal conductivity, heat capacity, etc., the knowledge of the film thickness is often required [5] [6] [7] [8] . Therefore, it is very necessary to characterize the thickness and other geometrical parameters of surface micromachined thin films.
There are many available techniques used to measure the thickness and sidewall etch angle of the thin films. Surface profilometer is widely used for the determination of the film thickness and shape information [9] . The measurement method is to prepare thin-film steps and measure them by moving a very sharp stylus tip over the step surface and tracing the stylus at each location. Scanning electron microscope (SEM) is one of effective tools to characterize geometrical parameters of thin films [10] . To obtain the film thickness and sidewall etch angle, the sample is sliced to reveal the cross section of the films and the viewing angle of SEM is aligned to be orthogonal to the sample surface. Another conventional approach to evaluate film thickness is performed by ellipsometers, which are optical instruments that detect the ellipticity of polarized light [11] . The film thickness is extracted by measuring the change in polarization upon reflection or transmission through the film. Various interferometric methods have been developed to determine film thickness [12] [13] [14] [15] [16] . These methods are principally divided into single and multiple beam interferometry and basically exploit the reflectance of surfaces as well as the intensity of light. The film thickness is estimated by analyzing interference pattern formation [17] .
The aforementioned techniques for determining geometrical parameters are either optical or mechanical methods, most of which uses specific instruments that are time consuming, bulky and expensive. Often the sample has to be broken or to be prepared by metallographic techniques or the focused ion beam technique [18] . Although useful in laboratory investigations, the operations of such methods are inconvenient for batch-fabricated industrial scale measurements or post-packaged measurements, which are in generally not acceptable for in-line tests [19] . The test methods, which are nondestructive and performed at the wafer level, using ordinary wafer-probe test equipment, are much more preferred by foundries. Measurements utilizing electrical input and output are well adapted to this purpose. In addition, electrically-probed test structures offer simple operation, fast response, good repeatability and ease of integration, potentially giving rise to many conceivable applications. Geometrical parameters extracted by such structures and methods could be directly used in the process line for quality control and provide important information for MEMS designers to design, optimize and predict the performance of devices. Works on electrical measurements for geometrical parameters have been reported by using resonance frequency approach [20] . This technique is based on the fusion of analytically calculated and measured resonance frequencies, and a nonlinear least-squares curve fitting analysis is applied to yield geometrical parameters. Laterally resonant comb-drive test structures with prescribed changes in spring width are adopted in this approach. The vibration of the test structure is excited by sweeping the ac drive frequency while resonance is detected by capturing the maximum blur envelope of the test structure under an optical microscope. In order to get more Eigenmodes and hence acquire more reliable data, some researches use Laser Doppler Vibrometry (LDV) instead of the electrical measurements technique to obtain resonance frequencies [18, 21] . The test structures based on micro mirrors are used in the LDV method [21] . The change of thickness of the test structures Appl. Sci. 2018, 8, 2424 3 of 14 will significantly influence the resonant frequencies of the structures. Another test structure is a spring-mass damping structure [18] . The vibration of the test structure is excited by a sonde on one paddle, and the vibration is measured by a LDV while the laser spot is on the other paddle. The springs are twisted in some modes at low frequencies. This structure is used in MEMS fabricated by DRIE. This resonance frequency approach is only suited for the characterization of the geometry of the structural layer.
In this paper, an in-line test microstructure for measuring geometrical parameters of surface micromachined thin films is presented. Geometrical parameters of both structural and sacrificial layers, e.g., the thickness and the sidewall etch angle of the PSG layer and the thickness of the polysilicon layer, are obtained by the proposed test structure. The measurement method makes use of the additional resistance of polysilicon thin films caused by step structures. A theoretical model for extracting geometrical parameters based on resistance analysis of step structures is developed. The resistance analysis is confirmed by the finite element simulation. Four-point probe technique is adopted in this method and only current-voltage measurements are required in experiments, which is simple, efficient, nondestructive and compatible with standard IC wafer-level probing techniques. The test structure can be fabricated using surface micromachining process and in situ along with active devices on the same chip. We compare our results to those obtained using a SEM. The results are in agreement. Figure 1 shows the schematic diagrams of the step structure. The PSG layer is etched to produce a trench. The polysilicon layer is deposited to cover the trench surfaces and patterned to form the step structure. A single constant sticking coefficient, S rc , was found to be sufficient to describe the polysilicon deposition process for a given set of deposition conditions. When S rc < 0.01, which is typical of silane-based polysilicon depositions, the distribution of the adsorbed concentration is uniform and the step coverage is conformal [22] . Figure 1a is the 3-D view of a step structure. It is a U-shaped structure with two horizontally extended arms. The width of the structure is w. As displayed in Figure 1b , the resistance of the step structure consists of four parts: the resistance of the arm (R a ), the resistance of the bottom (R b ), the resistance of the sidewall (R sw ) and the resistance of the corner (R c ). According to the law of resistance, the resistance of the step structure (R step ) can be written as
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Resistance of the Step Structure
where R S is the sheet resistance of the polysilicon layer, t 1 and t 2 are the thicknesses of the polysilicon layer and the PSG layer, respectively, l a represents the length of R a , l b denotes the designed length of the PSG trench, θ stands for the sidewall etch angle. The method used to calculate the resistances of corners (R c ) is that of conformal transformations. The given pattern is transformed into a pattern with an obvious solution and then transformed back again to solve the desired problem [23] [24] [25] . Figure 2a shows six possible patterns of corners. The resistance of the corner is expressed as [24] 
in which λ is the correction factor due to various shapes of the corners. As discussed extensively in [23, 24] , the correction factors for corners of type A, type B, type C, type D, type E and type F illustrated in Figure 2a The method used to calculate the resistances of corners (Rc) is that of conformal transformations. The given pattern is transformed into a pattern with an obvious solution and then transformed back again to solve the desired problem [23] [24] [25] . Figure 2a shows six possible patterns of corners. The resistance of the corner is expressed as [24] 
in which λ is the correction factor due to various shapes of the corners. As discussed extensively in [23, 24] , the correction factors for corners of type A, type B, type C, type D, type E and type F illustrated in Figure 
Test Structure and Extraction Model
The schematic illustration of the test structure for measuring the thickness and sidewall etch angle of MEMS thin films is shown in Figure 3 . It consists of three units, which deposited The method used to calculate the resistances of corners (Rc) is that of conformal transformations. The given pattern is transformed into a pattern with an obvious solution and then transformed back again to solve the desired problem [23] [24] [25] . Figure 2a shows six possible patterns of corners. The resistance of the corner is expressed as [24] 
in which λ is the correction factor due to various shapes of the corners. As discussed extensively in [23, 24] , the correction factors for corners of type A, type B, type C, type D, type E and type F illustrated in Figure 2a are estimated to be (0.57 ± 0.01), 0.583, 0.317, −0.882, 0.559, and (0.341 ± 0.005), respectively. Figure 2b is a SEM photo for the cross-section view of a step structure manufactured by a standard surface micromachining process. It is observed that the resistances of top corners and bottom corners of the step structure can be approximately estimated by corners of type B (Rc = 0.583RS·t1/w) and type E (Rc = 0.559RS·t1/w), respectively. 
The schematic illustration of the test structure for measuring the thickness and sidewall etch angle of MEMS thin films is shown in Figure 3 . It consists of three units, which deposited 
The schematic illustration of the test structure for measuring the thickness and sidewall etch angle of MEMS thin films is shown in Figure 3 . It consists of three units, which deposited horizontally and at an angle of ϕ (0 • < ϕ < 90 • ) and ψ (0 • < ψ < 90 • , ϕ = ψ), respectively. The first unit is composed of a Greek cross structure and a four-probe bridge containing several continuous step structures (see Figure 3a ). All step structures have the same dimension. The widths of the cross and the bridge are identical, and the bridge is deposited horizontally. The second unit consists of two four-probe bridges deposited at an angle of ϕ (see Figure 3b) . The left bridge is comprised of several continuous step structures, while the right bridge is deposited on the flat surface of the PSG layer and shares two probes with the left bridge. The third unit is similar to the second unit, with the only difference of the angle of four-probe bridges (see Figure 3c ). The dimensions of these three units are illustrated in Figure 3 .
four-probe bridges deposited at an angle of φ (see Figure 3b) . The left bridge is comprised of several continuous step structures, while the right bridge is deposited on the flat surface of the PSG layer and shares two probes with the left bridge. The third unit is similar to the second unit, with the only difference of the angle of four-probe bridges (see Figure 3c) . The dimensions of these three units are illustrated in Figure 3 . Greek cross structure is used to evaluate the sheet resistance [26] . Based on Van der Pauw theory, the sheet resistance of polysilicon thin film can be obtained by [27]
where I is the applied current, V S1S2 is the potential different between pads S1 and S2 when the current is passed between pads S4 and S3, V S2S3 is the potential different between pads S2 and S3 when the current is forced between pads S1 and S4. The width of the bridges can be estimated as [28]
in which l 1 is the length between contacts S3 and A1, V a is the potential different between pads A1 and S3 when the current I is applied between pads C1 and S1. To use the test structure to obtain the thickness and sidewall etch angle of thin films, a current I is passed between contacts B1-A1, B2-A2, B3-A3, F2-D2, and F3-D3, while the potential different between pads D1-C1, D2-C2, D3-C3, E2-B2, and E3-B3 are measured as V 1 , V 2 , V 3 , V b , and V c (see Figure 3) . The resistances of continuous step structures of the three units can be derived from Equations (1)-(3)
where
, l 2 and l 3 are the lengths of the right bridges of Unit 2 and Unit 3, respectively, n is the number of the step structures in each unit, γ is the total correction factor for the four corners of each step structure (γ = 2 × (0.559 + 0.583) = 2.284).
By solving Equations (6)- (8), one obtains
Since R 1 , R 2 , R 3 , R ϕ and R ψ are measured by four-point probe technique, and R s and w are obtained from Equations (4) and (5), the thickness of the polysilicon layer (t 1 ), the thickness of the PSG layer (t 2 ) and the sidewall etch angle of the PSG layer (θ) can be determined from Equations (9)-(11).
Fabrication Process and Experimental Setup
The four-probe bridges were fabricated using the Polysilicon Multi-User MEMS Processes (PolyMUMPsTM). PolyMUMPs process is a standard surface micromachining fabrication process with three polysilicon layers, two sacrificial layers and one metal layer. The process begins with (100) silicon wafers, which are first covered with a 600 nm thick silicon nitride layer as a dielectric isolation layer. A 500 nm low-stress low pressure chemical vapor deposition (LPCVD) polysilicon layer (Poly 0) is deposited on the surface of the wafer and patterned by photolithography and plasma etching techniques. After the first polysilicon layer is fabricated, a 2 µm thick PSG layer (Oxide 1) is deposited and patterned, followed by the fabrication of a 2 µm thick polysilicon layer (Poly 1). Then, another PSG layer (Oxide 2) is deposited at a thickness of 750 nm. After the PSG layer is etched, a 1.5 µm thick polysilicon layer (Poly 2) is deposited on the surface of the PSG layer and patterned. Both Poly 1 layer and Poly 2 layer are used as the structural materials for four-probe bridges, while the single layer of Oxide 1 and the stacked layer of Oxide 1-Oxide 2 are served as the etched sacrificial layers so that the following deposited polysilicon layer can be patterned to form the step structures. The final deposited layer is a 0.5 µm thick gold layer that used for probing [29] .
The SEM photographs of the test structure are displayed in Schematic diagram of the experiment system is depicted in Figure 5 . It contains a semiconductor characterization system (Keithley 4200-SCS) and a probe station. The experiments are performed using four-point probe technique. The measurement method is presented as follows. First, a Van der Pauw test is performed on the Greek cross structure. The sheet resistance of polysilicon thin film is then extracted by Equation (4) . Then, a current I is applied between pads C1 and S1 while the potential different between pads A1 and S3 (Va) is measured. The width of the bridges is obtained from Equation (5). Resistances between pads C1 and D1, C2 and D2, C3 and D3, B2 and E2, B3 and E3 are measured by using four-probe I-V measurement method. The thickness of Schematic diagram of the experiment system is depicted in Figure 5 . It contains a semiconductor characterization system (Keithley 4200-SCS) and a probe station. The experiments are performed using four-point probe technique. The measurement method is presented as follows. First, a Van der Pauw test is performed on the Greek cross structure. The sheet resistance of polysilicon thin film is then extracted by Equation (4) . Then, a current I is applied between pads C1 and S1 while the potential different between pads A1 and S3 (V a ) is measured. The width of the bridges is obtained from Equation (5) . Resistances between pads C1 and D1, C2 and D2, C3 and D3, B2 and E2, B3 and E3 are measured by using four-probe I-V measurement method. The thickness of the polysilicon layer and the PSG layer and the sidewall etch angle of the PSG layer are then calculated from Equations (9)- (11).
(c) Schematic diagram of the experiment system is depicted in Figure 5 . It contains a semiconductor characterization system (Keithley 4200-SCS) and a probe station. The experiments are performed using four-point probe technique. The measurement method is presented as follows. First, a Van der Pauw test is performed on the Greek cross structure. The sheet resistance of polysilicon thin film is then extracted by Equation (4) . Then, a current I is applied between pads C1 and S1 while the potential different between pads A1 and S3 (Va) is measured. The width of the bridges is obtained from Equation (5) . Resistances between pads C1 and D1, C2 and D2, C3 and D3, B2 and E2, B3 and E3 are measured by using four-probe I-V measurement method. The thickness of the polysilicon layer and the PSG layer and the sidewall etch angle of the PSG layer are then calculated from Equations (9) 
Results
Simulation Results
In order to verify the theoretical model, the finite element software COMSOL is adopted here to perform simulations. The dimensions of the test structure used in the simulation are w = 10 µm, l a = 10 µm, l b = 20 µm, ϕ = 45 • , ψ = 60 • and n = 10, with the thickness of the polysilicon layer ranging from 1.5 µm to 2.5 µm, the thickness of the PSG layer ranging from 2 µm to 3 µm and the sidewall etch angle of the PSG layer ranging from 70 degree to 90 degree. Figures 6-8 compare the relationship between resistances of continuous step structures of the three units (R 1 , R 2 , R 3 ) and the geometrical parameters of thin films (t 1 , t 2 , θ) obtained by theoretical model and the FEM simulation. It is shown that R 1 , R 2 and R 3 nonlinearly decrease as t 1 increases, linearly increase as t 2 increases, and slightly increase as θ increases. The deviations between theoretical values and simulation results of R 1 , R 2 and R 3 are within 2%. These comparisons demonstrate that Equations (6)- (8) are valid.
For a given geometry (t 1 = 2 µm, t 2 = 2.8 µm, θ = 80 • ), simulation results of R 1 , R 2 and R 3 are 441.61 Ω, 852.72 Ω, and 1677.80 Ω, respectively. By substituting simulation results into Equations (9)- (11), thicknesses of the polysilicon layer and the PSG layer are estimated to be 2.039 µm and 2.820 µm, respectively, and the sidewall etch angle of the PSG layer is calculated as 80.90 • . In comparison with the given geometry, the relative errors for simulation results of t 1 , t 2 and θ are 1.95%, 0.71% and 1.13%, respectively. For a given geometry (t1 = 2 µm, t2 = 2.8 µm, θ = 80°), simulation results of R1, R2 and R3 are 441.61 Ω, 852.72 Ω, and 1677.80 Ω, respectively. By substituting simulation results into Equations (9)- (11), thicknesses of the polysilicon layer and the PSG layer are estimated to be 2.039 µm and 2.820 µm, respectively, and the sidewall etch angle of the PSG layer is calculated as 80.90°. In comparison with the given geometry, the relative errors for simulation results of t1, t2 and θ are 1.95%, 0.71% and 1.13%, respectively.
Experimental Results
Experimental results are listed in Tables 1 and 2 . In order to verify the proposed method, film thickness and sidewall etch angle are also measured by using a SEM. Ten samples with different lateral dimensions are tested in the experiments. Samples 1a-5a are made of Poly 1 layer and Oxide 1 layer, and Samples 1b-5b are comprised of Poly 2 layer and Oxide 1-Oxide 2 stack. Sheet resistances for Poly 1 and Poly 2 are obtained to be (12.084 ± 0.218) Ω/sq and (21.962 ± 0.175) Ω/sq, respectively. The design values of bridge widths are 10 µm for sample 1 and sample 2, 15 µm for sample 3 and sample 4, and 20 µm for sample 5. Each sample is examined to evaluate the actual width (See Tables 1 and 2 ). With the knowledge of sheet resistance and bridge width, film thickness and sidewall etch angle can be determined. Measured average values of thickness for the Poly 1 layer, the Oxide 1 layer, the Poly 2 layer and the stacked layer of Oxide 1-Oxide 2 are (2.080 ± 0.011) 
Experimental results are listed in Tables 1 and 2 . In order to verify the proposed method, film thickness and sidewall etch angle are also measured by using a SEM. Ten samples with different lateral dimensions are tested in the experiments. Samples 1a-5a are made of Poly 1 layer and Oxide 1 layer, and Samples 1b-5b are comprised of Poly 2 layer and Oxide 1-Oxide 2 stack. Sheet resistances for Poly 1 and Poly 2 are obtained to be (12.084 ± 0.218) Ω/sq and (21.962 ± 0.175) Ω/sq, respectively. The design values of bridge widths are 10 µm for sample 1 and sample 2, 15 µm for sample 3 and sample 4, and 20 µm for sample 5. Each sample is examined to evaluate the actual width (See Tables 1  and 2 ). With the knowledge of sheet resistance and bridge width, film thickness and sidewall etch angle can be determined. Measured average values of thickness for the Poly 1 layer, the Oxide 1 layer, the Poly 2 layer and the stacked layer of Oxide 1-Oxide 2 are (2.080 ± 0.011) µm, (2.142 ± 0.012) µm, (1.614 ± 0.014) µm and (2.892 ± 0.012) µm, respectively. The sidewall etch angles for the Oxide 1 layer and the stacked layer of Oxide 1-Oxide 2 are extracted as (77.51 ± 0.61) • and (76.17 ± 0.91) • , respectively. As demonstrated in Tables 1 and 2 , these results are in agreement with experimental data obtained by SEM. 
Discussion
There are several factors that may influence the accuracy of the experimental results obtained by the proposed method. First, it is observed from Figure 2b that there is an overetch of nitride during the PSG etch process, which causes the measured thicknesses of the oxide layers to be larger than the actual thicknesses. Second, in our extraction model, we have made the assumption that the step coverage is conformal, which is not always the case. If the sidewall deposited polysilicon film is thicker than the horizontally deposited polysilicon film, resistances of continuous step structures (R 1 , R 2 , R 3 ) are smaller than those with uniform thickness. Accordingly, the obtained thickness of the polysilicon layer is smaller than the actual thickness, while the measured thickness and sidewall etch angle of the PSG layer are larger than the real values. On the contrary, if the sidewall polysilicon film is deposited at a smaller thickness than the horizontally deposited polysilicon film, R 1 , R 2 , and R 3 increases, resulting in a larger obtained t 1 and smaller obtained t 2 and θ. In our experiment, the step coverage of Poly 1 is excellent, whereas the sidewall deposited Poly 2 film is thicker than the horizontally deposited Poly 2 film. This explains the experimental results of t 1 for Poly 1 agree with optical results better than those of Poly 2. In addition, the extraction model is no longer valid when the thickness of the polysilicon layer is larger than the thickness of the PSG layer because the value of R sw is calculated to be negative under this circumstance. However, the polysilicon layer used in our experiment is no thicker than the PSG layer. Thus, the experimental results listed in Tables 1 and 2 are valid.
To overcome the limitations mentioned above, the thickness of sidewall polysilicon film should be induced into the theoretical model when the step coverage of the polysilicon layer is not conformal. The expressions for the resistances of the sidewall (R sw ) and the corner (R c ) are accordingly transformed. As for the situation where the polysilicon layer is thicker than the PSG layer, the areas of sidewalls and the areas of corners need to be redefined. Taking into account the aforementioned factors, a more sophisticated model might be established. This will be our future work.
Conclusions
In summary, this paper presents a nondestructive and in-line approach to determine the thickness and sidewall etch angle of surface micromachined thin films by four-probe bridges. The electrical resistance of the step structure has been studied. Continuous step structures are series-connected in order to reduce random error induced by a single step structure. Theoretical extraction models for thickness and sidewall etch angle are established. Validation of the theoretical model is confirmed by finite element method simulation. Four-probe measurements are adopted to eliminate the error caused by contact resistance. Only current-voltage measurements are required in experiments. Although the proposed method focused on the polysilicon and PSG thin films, it is possible to extend this method to other sacrificial and electrical conducting structural materials. This method has a potential in applications of production process lines. Funding: This research is partly funded by Natural Science Foundation of Jiangsu Province, grant number BK20140859, and partly funded by National Natural Science Foundation of China, grant number 51709083 and 61771183.
